Introduction
The choroid is a membranous vascular tissue between the retina and sclera, the main function of which is to supply oxygen and nutrients to the photoreceptor cells. 1, 2 For this purpose, the choroid has a unique structure, with the choriocapillaris and an underlying thick blood vessel layer, that is, Sattler's layer and Haller's layer. 3 Previous reports have suggested that disorders of the choroidal vasculature may be associated with macular diseases, such as age-related macular degeneration (AMD), 4, 5 central serous chorioretinopathy, 6, 7 and acute multifocal placoid pigment epitheliopathy. 8 Morphologic evaluation of the choroid may help to elucidate the pathology of these diseases.
In a clinical setting, choroidal vasculature is evaluated by indocyanine green angiography (ICGA) or optical coherence tomography (OCT), especially by using enhanced-depth technology 9 or swept-source (SS) OCT. 10 Choroidal thickness measurements, 11, 12 thresholding, 13, 14 and morphologic segmentation 15 of sectional images or en face images have been proposed to evaluate the choroidal vasculature. These studies have helped to reveal the pathogenesis of choroidal diseases. However, it may be difficult to analyze the course of a vessel or the attenuation of a vessel lumen in the choroid in two-dimensional (2D) images. To resolve these issues, we attempted to make a three-dimensional (3D) model of the choroidal vasculature. Previous reports visualized vessel-like structures with low signal intensity as blood vessels in structural OCT (OCT-S) scans using spectral domain (SD) OCT 15, 16 or SS-OCT. 17, 18 While moderate-to large-size vessels can be visualized in that way, the corresponding visualization of small vessels is not sufficient. 15, [19] [20] [21] OCT angiography (OCT-A) can delineate with high signal intensity the choriocapillaris and the part of the vessels with moderate diameter, but OCT-A cannot depict large vessels deep in the choroidal tissue. 22, 23 Hybrid views of the choroidal vessels, consisting of the vessels in OCT-A and the vessels in OCT-S, would delineate choroidal vessels with a wide range of diameters. To the best of our knowledge, a hybrid 3D model of the choroidal vasculature has not been reported. We created a hybrid 3D model of the choroidal vasculature from OCT-A and OCT-S images and evaluated the volumetric characteristics of the model.
The aim of this study was to visualize a 3D choroidal vasculature image by combining images from OCT-S and OCT-A (a hybrid 3D model) and to evaluate the characteristics of the model.
Methods
This prospective, noncomparative case series was approved by the Institutional Ethics Committee of the Fukushima Medical University and conducted in accordance with the tenets of the Declaration of Helsinki. Figure 1 shows the workflow for vessel segmentation. The images were acquired using an SS-OCT (PLEX Elite 9000; Carl Zeiss Meditec, Dublin, CA). The 6 3 6-mm 2 images of OCT-S and OCT-A were exported separately as stack images. The OCT-S images were inverted between black and white. After the vessel images in the OCT-A images and the inverted OCT-S images were enhanced and segmented, each image stack was visualized in 3D using ''3D slicer'' software, which is an open-source software platform for biomedical research (ver. 4.10; https:// www.slicer.org/). 18 The volumes of the outer choroid and the choroidal vessels were measured in this 3D model. The similarities between the segmented choroidal vessels in OCT-S and OCT-A and between repeated images were measured. The clinical applicability was evaluated in a case of neovascular AMD (nAMD).
Overview

Control Subjects and a Patient with nAMD
Twenty-one healthy individuals, older than 18 years and with no history of ophthalmologic or systemic diseases, were recruited by advertising and were included in this prospective study after providing written informed consent. We examined one eye of each of these control individuals, based on their individual preference. Participants were required to have a normal ocular examination and a normal OCT-S of the macula. A history of any ocular surgery was an exclusion criterion.
We selected one nAMD patient who underwent ICGA, OCT-A, and OCT-S on the same day at the out-patient department of our hospital (Fukushima Medical University Hospital) to compare the choroidal vasculature between the angiographic images and hybrid 3D models. Comprehensive ophthalmologic examinations with mydriatics established his diagnosis of nAMD. The patient also gave informed consent for the retrospective analysis of his OCT-A data.
Image Acquisition
Using SS-OCT, 6 3 6-mm OCT-S and OCT-A images of the healthy eyes were acquired repeatedly in one session between November 1 and December 24, 2018, after application of mydriatics (5 mg/mL tropicamide and 5 mg/mL phenylephrine sodium chloride; Santen Pharmaceutical Co. Ltd., Osaka, Japan). The SS-OCT instrument has a central wavelength of 1060 nm, a bandwidth of 100 nm, Ascan depth of 3.0 mm in tissue, full-width (at halfmaximal axial resolution) of about 5 lm in tissue, and lateral resolution at the retinal surface of about 20 lm. The FastTrac motion-correction software that is built into the SS-OCT-A was used during image acquisition. The OCT-A images were taken within 15 seconds. ICGA was performed with a retina angiograph (Heidelberg Retina Angiograph 2 [HRA2]; Heidelberg Engineering, Heidelberg, Germany) after application of mydriatics (as described above).
Image Processing
The OCT-S and OCT-A images (500 3 1536 3 500 pixels, width 3 depth 3 height), corresponding to 6 3 3 3 6 mm in physical volume, were exported from the OCT machine and rescaled to isometric voxel images. After normalization of the image, the choroidal vessels in the inverted OCT-S image were segmented following the method previously reported for 3D choroidal vessel segmentation in SD-OCT. 15 Retinal vessel silhouette in the choroid was removed before segmentation. At first, the line representing the retinal pigment epithelium (RPE) surface was detected using the grow-cut module of 3D slicer (Fig. 2B) . 19 The RPE complex (from the surface of the RPE to 5 pixels [60 lm] beneath the RPE) was segmented by translation of the RPE surface line (Fig. 2C) . In practice, we first detected the line corresponding to the RPE surface. We made a copy of the RPE surface line and placed that at 5 pixels under the Bruch's membrane and then removed the area between the two lines as the RPE complex. A maximum intensity projection image of the RPE complex along the zaxis, which contained the silhouette image of the retinal vessels, was made (Fig. 2D) . The retinal vessel shadows in OCT-S volume images were adjusted after masking outside the silhouette image. The remaining volume of the choroidal tissue, after removal of the RPE complex, was defined as the outer choroidal volume. The preprocessed OCT-S and OCT-A images were enhanced by a multiscale Hessian matrix analysis. 15, [20] [21] [22] The OCT-A images were not preprocessed to remove the retinal vessel images because retinal vessel shadows appeared as negative images in the choroid in OCT-A. The images were rendered in 3D using 3D slicer. The choroid-scleral border was delineated manually: briefly, about 100 markup points were placed at the choroid-scleral junction on the image of the outer choroidal volume, and a spline surface model was made. The outer choroidal volume was segmented with the volume-clipping module in 3D slicer. The overlay of the segmented vessels in OCT-A (red lines) and OCT-S (blue lines) was placed on the structure image from OCT-S. Yellow segments indicate the intersection of the vessels in OCT-A and OCT-S (Fig. 3) .
The shape and volume of the blood vessel after segmentation depend on the threshold in 8-bit grayscale value when thresholding. In the current study, we applied the fixed 35 for thresholding after normalization of the images for convenience for segmentation of the scalar volume of the vessel image. The outer choroidal volume, the vessel volume in OCT-S, the vessel volume in OCT-A, and the volume of intersection between the two types of vessel images were calculated with the segment statistics module in 3D slicer. The two images taken repeatedly were registered at the center of the macula by inspection using the whole volume of the OCT-S. We made the registration model using translation and B-spline methods in the transform menu of 3D slicer. A Dice similarity coefficient (DSC) was measured with the segment comparison tool in 3D slicer. Similarity, the 3D models were evaluated with a DSC between the repeated images per subject. DSC of two volumes, A and B, was calculated as
To compare the two images in each subject, the images were registered by linear translation and Bspline translation. Finally, a 450 3 450-pixel image, centered at the fovea in an en face image, was cropped for the measurement.
The 3D image reconstructed from OCT-S and OCT-A was compared to fluorescein angiography (FA) and ICGA in the patient with nAMD. Dye angiography was performed using the HRA2.
Statistical Analysis
The correlations between the axial length and the volume of the choroid or the choroidal vessel were analyzed using the Pearson correlation coefficient. P values of 5% or lower were considered to be statistically significant.
Results
The mean age of the healthy individuals was 28 6 4.3 years (mean 6 standard deviation). The mean refractive spherical equivalent was À1.23 6 1.17 diopters (range, À7.6 to 0.6). The mean axial length was 24.6 6 1.02 mm (range, 22.79-26.47).
The choroidal vessels were successfully segmented and visualized in 3D in all 21 eyes. We could observe the choroidal vasculature from the inside (vitreous view, Figs (Figs. 4A and D) . The small vessels in OCT-A images were also distributed near the Bruch's membrane (dashed-line square in Figs. 4A and  E) . Some of the small vessels in OCT-A seemed to sprout from the large vessels in OCT-S or to be part of small vessels that were delineated in OCT-S (Figs. 4C  and F) . Figure 5 is a reconstructed 3D image based on the images in Figure 4 . Some of the structures visualized in OCT-A seemed to be fragments that did not connect to the vessel structure (Fig. 5) .
The mean outer choroidal volume in the 5.4 3 5.4-mm 2 square at the fovea was 7.502 6 0.973 mm 3 (range, 5.536-9.250). The mean vessel volume was 2.227 mm 3 (29% of the outer choroidal volume) in OCT-S and 0.848 (11%) in OCT-A (Table 1) . These results were calculated after subtracting the RPE complex. The total volume of vascular structure in the choroid was 3.005 mm 3 , which corresponded to 40% of the outer choroidal volume. Most of the overlapping segments of the vessels in OCT-S and OCT-A appeared as small segments on the walls of the large vessels (Fig. 3) . Some of the overlapping segments seemed to connect the vessels in OCT-A. The mean volume of the overlapping vascular structures in OCT-S and OCT-A was 0.065 mm 3 (2.2% of the total vascular volume), which was 3.0% of the vessel volume in OCT-S and 8.4% of the vessel volume in OCT-A. The calculated DSC of the vessels between OCT-S and OCT-A images was 0.045 6 0.015 in a total of 42 images ( Table 2) .
The mean DSC between repeat images was 0.994 in the outer choroidal volume, 0.863 in the OCT-S vessel volume, 0.485 in the OCT-A vessel volume and 0.781 in the combination of these two types of volumes.
The outer choroidal volume tended to decrease in those eyes that had a long axial length, although the tendency did not reach statistical significance (P ¼ 0.08; Fig. 6A ). The ratio of the choroidal vessel volume in OCT-A to the outer choroidal volume significantly increased in eyes with a long axial length (P ¼ 0.02). Conversely, the ratio of choroidal vessel volume in OCT-S (P ¼ 1.000) and the ratio of the total choroidal vessel (P ¼ 0.231) did not change (Fig. 6B ).
Patient
The patient was a 69-year-old man with nAMD in his left eye. He had received photodynamic therapy 3 years ago. He visited our clinic complaining of 
(E) An image combining (A) and (C). (F) An image combining (B) and (D). The dashed lines in (A, B, E, F) mark the same region of the choroid. Branching vessels appear more frequently in (A) than in (B). More vessels delineated by OCT-A can be seen in (E) than in (F).
metamorphopsia. The best-corrected visual acuity in his left eye was 0.3 on the Japanese decimal visual acuity chart. His left eye showed a serous retinal detachment on OCT and an occult choroidal neovascular membrane on FA. Figure 7 shows FA, ICGA, and the hybrid 3D model. The RPE at the center of the fovea had become atrophic (Fig. 7A) . The small vessels in OCT-A appeared with the well-identified network structure and were larger in diameter in the atrophic area of the RPE compared to that in the nonatrophic area. The small vessels in OCT-A seemed to be smaller in both diameter and number behind the healthy RPE compared to the area of atrophic RPE (Fig. 7B) . A large vessel in the 3D model ( Fig. 7D ) with bifurcation running transversely can be identified in ICGA (Fig. 7E) . The small vessels that run across the large vessel in the 3D model (Fig. 7D) correspond to the small vessels in ICGA (Fig. 7E) .
The abnormal vessels that appeared under the large vessel in ICGA (Fig. 7E) can be identified as the vessels running a similar course in OCT-A (Fig. 7D) .
Discussion
Hybrid 3D images of the choroidal vessels were reconstructed using SS-OCT images and then used to analyze the characteristics of the vascular structure. The ratio of the total vessel volume to the outer choroidal volume was 40%. The overlap in volumes between the vessels in OCT-S and in OCT-A was 3.0% in OCT-S and 8.4% in OCT-A. In the eyes with long axial length, the ratio of the vessel volume in OCT-S did not vary, whereas that in the OCT-A vessel volume increased. The similarity of vessel volumes in repeated images was high (0.863) in OCT-S and moderate (0.485) in OCT-A. The findings of the small and large vessels in ICGA seemed to correspond to hybrid 3D model of the patient with nAMD.
Circulatory changes in the choroid are associated with the normal and pathological functioning of the fovea. OCT has played a major role in elucidating the choroidal vasculature. Most of the analyses using OCT have been performed with cross-sectional images or en face 2D images. Analysis of the complicated choroidal vasculature on 2D images has been limited to discussing the course of the vessels and changes in vessel diameter. With 3D models of the choroidal vessels, it seemed to be feasible to analyze morphology of the choroidal vasculature and enable volumetric analysis. The entire vascular structure of the choroid should be identified for this purpose. Although several experimental approaches have been tried, 23, 24 successful use of OCT-A to visualize the whole vessel structure of the choroid has not been achieved. One of the reasons is the wide variation in blood flow in the choroidal vasculature. In a commercially available OCT-A machine, a choroidal blood vessel is presented as two types of images: a vessel with high intensity in OCT-A, which represents the actual blood flow in the vessel. However, the large vessels in the choroid could not be detected in OCT-A because OCT signals from deep choroidal vessels can have a low signal secondary to attenuation from optical scattering by overlying tissue. In addition, a valid OCT-A image cannot be obtained, and the image appears dark even if there is flow in the large vessels because there is little or no reflectivity or backscattering at the inner portion of large vessels in OCT images. Conversely, smaller choroidal vessels have greater OCT reflectivity or backscattering from within vessels, and the corresponding OCT-A signal is evident. 23 The choroidal large vessels can be detected as a silhouette image of the vessel in OCT-S, 15, [19] [20] [21] which represents the morphologic structure of the blood vessel. We thought that a hybrid 3D model allowed morphologic analysis and volumetry in the choroidal vasculature. We attempted to make a hybrid model of choroidal vessels to visualize as much of the choroidal vasculature as possible.
The possibility of 3D analysis of the choroidal vasculature was previously proposed to be performed using SD-OCT. 15, 25 The reported vessel volume calculated using SD-OCT images was low (1.12 mm 3 / 6 3 6 mm 2 at the fovea) 15 compared with the volume using SS-OCT images in the current study (2.227 mm 3 / 5.4 3 5.4 mm 2 ) using only OCT-S images. Improved image quality, due to high penetration and a high scanning rate in SS-OCT, might increase the vessel ratio in the current study. Moreover, the choroidal vessel volume increased by about 30% when the vessel volume information from OCT-A was added. The actual blood vessel volume may be larger than that measured in the current study because the vessel signals of the small vessels in OCT-A could be attenuated behind the RPE. The small vessels in OCT-A seemed to decrease in diameter and number behind the healthy RPE compared with the area of atrophic RPE in the nAMD case presented here (Fig. 7) .
The small vessels in OCT-A surrounded the large choroidal vessels. Since the layer of vessels facing Bruch's membrane, across a width of 60 lm, was removed in this current 3D vascular model, most of the small vessels may have been precapillary arterioles, postcapillary venules, or shunt vessels in Sattler's layer. Branching vessels seemed to appear on the RPE side. To our knowledge, there have been no reports of studies using 2D OCT images that have suggested that vessels branching off of the choroidal vessels are more common on the RPE side. A 3D model may have an advantage in such a structural analysis. As attenuation of the scanning light may account for this observation, histologic information regarding this point is needed.
The thickness and volume of the choroid reportedly decrease with increasing axial length in normal individuals, 26, 27 but the structural changes of the choroidal vasculature in eyes with long axial length have not, to our knowledge, been discussed previously. In the present study, the ratio of the vessel volume to the outer choroidal volume in OCT-A images increased. The increasing vessel volume in OCT-A with ocular length may be attributed to an increasing proportion of the OCT signal penetration in the choroid in eyes with long axial length. 25 In contrast to OCT-A, the ratio of the vessel volume in OCT-S and the total OCT-A and OCT-S vessel volume did not change significantly. We speculate that the narrow ranges in axial length and the small number of cases may have affected the results. Alternatively, there may be a mechanism keeping the ratio of blood vessels constantly in accordance with the choroidal thickness.
The similarity of the vessel volumes in OCT-A image pairs was not as high as that for the outer choroidal volume and the vessel volumes in OCT-S. The reduced resolution of OCT-A compared to OCT-S, due to the design principles of OCT-A and the scattering of scanning light under the RPE, can explain this result. The DSC is thought to decrease when comparing fine structures if blurring or distortion of objects occurs during image acquisition. Therefore, the small structure of the vessels in OCT-A may be attributed to the reduction of the DSC. Improvements in scanning speed and light strength could reduce blurring and distortion and potentially resolve this issue. This study has several limitations. The first is that the volume of the choriocapillaris was removed. The vessel ratio to the total choroidal volume could not be measured, as the resolution of the OCT-A in 6 3 6 mm is insufficient to delineate the choriocapillaris. Another reason for the removal of the choriocapillaris from the model was that part of the projection artifact on the RPE affected the image of the choriocapillaris in the 3D images. However, visualization of the vessels under the choriocapillaris, which cannot be clearly visualized in 2D choroid slabs, still has advantages when investigating the choroidal vasculature. The second limitation is caused by the difference between the imaging sources. As the vessel in OCT-A shows the blood flow in the vessel, the ghost vessel may disappear in OCT-A. However, the vessel in OCT-S indicates the vessel structure itself, and thus the ghost vessel, can be seen. When we use hybrid models to evaluate a lesion containing vessels with slow blood flow, we should interpret the image carefully. Third, the vessels in OCT-A can contain the projection to the choroidal stroma. We cannot remove this artifact at this time. However, we can see that some of the small vessels connect to the choriocapillaris in the OCT-A sectional slice. The small vessels seemed to continue to the wall of the large vessel depicted in OCT-S in this study. These findings suggested that a portion of the apparent vessels in OCT-A are real vessels, not the projection on the stroma. Therefore, the vessel volumes from hybrid 3D models may overestimate the actual volume. Conversely, the previously reported 3D models of the choroidal vasculature may underestimate the volume. Fourth, the manual segmentation of the choroid-scleral border can affect the variance of the ratio of vessel volumes. Automated segmentation might improve the accuracy. 19, 28 Fifth, the number of healthy subjects tested to validate this exploratory research may not have been enough to estimate the normal control volume. In the future, we should measure choroidal vessel volume in a large number of subjects to derive the standard value. Finally, we did not compare the volume measured in this study to histologic samples. Histologic validation of this method is needed.
In conclusion, hybrid 3D models of the choroidal vasculature were reconstructed from the OCT-S and OCT-A images acquired with SS-OCT. Such 3D models could be beneficial for investigating the choroidal vessel structure and be aids to volumetric analysis. Hybrid 3D models could potentially contribute to the elucidation of choroidal pathology and the management of patients with choroidal diseases.
